The phase transition of a gel was investigated from the viewpoint of both equilibrium and kinetics. Poly(acrylamide-c0-acrylic acid) gels synthesized in our laboratory showed drastic changes in volume by infinitesimal change in concentration of acetone-water mixtures. Such phenomenatook place near a critical concentration of the solvent. The equilibrium degree of phase transition of the gel was analysed, using the mean field theory proposed by Flory-Huggins. It was found that the volume change was mainly represented by the/-value defined in the Flory-Huggins formula. The diffusivity of the gel network was estimated from the concentration swing experiment near the phase transition and the equation of motion of gel network. The diffusivities, /), were correlated well with the /-values, as D = exp(0.486/-13.9) for the synthesized copolymer gels.
Introduction
Gels are important substances employed widely in the fields of biochemistry and bioengineering. The physical chemistry of various gels has been studied intensively since early contributions of notable importance were made by Flory.2) Recently, Tanaka et al.6~8 ) have discovered unsuspected phenomenain gels, namely drastic volume changes in a polymer gel which can be brought about by changes in external conditions such as temperature,4' pH,6' 7) solvent composition,3' 5' 6) ionic com-position6'^or electric field.8) These phenomena have been interpreted as a phase transition in gels, and the phase equilibrium of gels mainly has been studied theoretically.
However, only a little work has been done on the kinetics of volume change in a gel whenit approaches equilibrium. From a practical point of view, this might provide important information on large-scale fluctuations in pore size1} and other properties. Furthermore, no one has yet reported studies on the influence of the polymer network structure, represented by the relative amount of main-chain molecules, cross-linked molecules and ionizable molecules, on the kinetics of volume change as well as the phase transition in an ionic gel. The objective of the investigation described in this paper is to show quantitatively the relationships Received November 9, 1985. Correspondence concerning this article should be addressed to Y. Nakano.
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among the polymer constituents (acrylamide, N,N'methylenebisacrylamide and acrylic acid), the equilibrium of the phase transition and the kinetics of swelling of poly(acrylamide-co-acrylic acid) gels. Poly(acrylamide-co-acrylic acid) gels were synthesized in our laboratory and acetone-water mixtures were employed as a solvent in this study. The volume change of the polymer by infinitesimal change in concentration of the solvent was measured and quantitatively explained according to the Flory-Huggins theory2) for the swollen gel. It is shown that the diffusion coefficient of the gel network can be correlated with a factor correlated to the change in gel volume for gels of various constituents. equal to the diameter. The gels were immersed in a large amount of pure water for two days to wash awayunreacted substances.
Sample Preparation and Experimental Procedures
In equilibrium experiments, the gel was immersed in acetone-water mixtures having various compositions until it reached equilibrium state. The final diameter of the cross section of the rod-shaped gel was measured under a microscope.
In concentration swing experiments, the gel was put into a solution with somewhathigher than critical concentration of acetone, in which the state of the gel became highly sensitive. Then it was transferred to another solution with lower acetone concentration. The time course of the change in diameter of gel was measured in the same way as in the equilibrium experiments. The same procedure was applied to other gels.
Results and Discussion
The polymer compositions were varied as shownin Table 1 to investigate their effect on both the phase transition and the kinetics of swelling of gels. 3.1 Effect of acrylic acid fraction (charge density) in polymer Figure 1 shows the degree of swelling of gels made using constant concentrations of acrylamide, Am, bisacrylamide, B, and various amounts of acrylic acid, Ac, as shown inTable 1. The abscissain Fig. 1 shows the ratio of the volume fraction of the network, (/>/</>0; 4>0 at the preparation and 0 at equilibrium. The equilibrium volume of the gel, Fcan be represented as
where Vo is the volume of the gel at (/>=</>0-The gel which did not contain acrylic acid showed a continuous volume change, while gels having a large amountof Ac showed discontinuous volume transitions. In general, gels remained swollen when they were put into a solution with a low concentration of acetone. Whenthe fraction of acetone became greater, the gels shrunk. Such a phase transition took place drastically near the critical concentration of acetone-water mixtures for each gel.
3.2 Effect of acrylamide fraction (polymerization density) in polymer Figure 2 shows the degree of swelling of gels having fixed concentrations of Ac and B, and various amounts of Am,as shown in Table 1 . Whenthe amount of Amin gels decreased, discontinuous vol- The network structures of gels in this study are represented by the relative amounts of three components, as shown in Table 1 . The phase transitions in gels are brought about by three forces: such as the polymer-polymer affinity, the rubber elasticity and the hydrogen-ion pressure. These forces constitute totally the osmotic pressure of the gel, because they determine whether the gel tends to take up solvent or to expel it. In the mean field theory the osmotic pressure of an ionic gel can be described by the Flory-Huggins formula.2) +*iwA£)l"]+'H£) ®
The osmotic pressure of a gel must be zero for the gel to be in equilibrium with the surrounding solvent. From Eq. (2), this condition can be expressed as follows : Fig. 3 . Equilibrium degree of swelling of poly(acrylamideco-acrylic acid) gels when only the concentrations of bisacrylamide, B, are varied.
where N is Avogadro's number; k is the Boltzmann constant; Tis the absolute temperature; v is the molar volume of the solvent; AF is the free-energy decrease associated with the formation of contact between polymer segments; v is the number of constituent chains per unit volume at (t)=4>0 and/is the number of dissociated hydrogen ions per effective polymer chain.
The left-hand side of Eq. (3) The total number of ionizable molecules, Ac, per liter is Ac-N and the number of crosslinking molecules, B, per liter is B N. In the polymer making up the cross-linked networks, the number of effective polymer chains is given by (^B)[(Am + Ac)Vreac]2à"N. Thus the value of/ can be given as follows.
The above equation means that the volume transition becomes larger for gels containing a higher concentration of Ac; a lower concentration of Amand/or B. Figure 4 shows the relationship between the /values and 2Ac/[B(Am+Ac)2]. All the results are on a straight line except those for gels having Ac larger than 61.26 mol/m3 at the fixed Am (689.4 mol/m3) and B (9.08 1 mol/m3). In these gels the high concentration of acrylic acid might reduce the ionization due to charge repulsion, resulting in a smaller/-value. In addition, the value of Kreac was obtained as 2.04 1/mol from the slope of the straight line.
Volume changes in gels by infinitesimal changes in concentration of acetone and water mixtures
To investigate the kinetics of swelling of gels, the swing in concentrations was performed near the critical concentration of acetone wherea drastic volume change in the gel took place. Gels shrunken in a solvent with higher concentration of acetone were movedquickly into another solvent with a lower one.
As an example, the time course of the swelling and shrinking of gels having the compositions of Ac Table 1 ).
B.C arr=(K/r2)[d(r2u)dr}=0
at r=a (6) I.C u(r,0)=Aao(rla) at t=0 (7) where D(= K/f) is the diffusion coefficient of the gel; Kis the bulk modulus of the polymer network and/' is the coefficient of friction between the gel network and the solvent; a is the final radius of the gel sphere in equilibrium with the solvent; Aa0 is the total increment in the radius of the sphere after swelling; orr is the normal stress. As rod-shaped gels having a length about equal to the diameter were used in the present study, the radius of the cross section was represented as the radius of an equivalent-volume sphere of the gel.
The exact solution of Eq. (5) can be obtained and the radius of the gel during the course of swelling can be expressed as follows: L(6/7r2)Zn -2 Qxp( -n2t/ts) (8) Aa0 ts = a2/D (9) Equation (8) can be rewritten in a simple form when t/ts is larger than unity. =(6/7r2) exp( -£/O (10) The swelling time / is scaled by the characteristic time of swelling ts.
The ratios Aa(t)/AaomQplotted as a function of t in a semilog scale in Figs. 6, 7 and 8 for gels having various constituents as shownin Table 1 . Aseries of curves plotted in these figures show rapid decreases in a certain period just after starting of swelling and then became almost linear. Therefore, the characteristic time ts could be determined from the slope of the straight line calculated by using Eq. (10).
To check experimentally the quantitative validity of Eq. (9), each characteristic time ts obtained from Figs. 6, 7 and 8 was plotted as a function ofa2, as shown in Fig. 9 . A linear relation between them was obtained and is in agreement with the theoretical prediction, ts=a2/D. The diffusivities of the gel network were obtained from the slope of each line. Figure 10 shows typical swelling curves observed experimentally and the calculated ones using the diffusivities of the gel network. The gels which remained shrunken in a solution with somewhathigher than critical concentration of acetone were transferred to another solution with lower concentration of acetone. This time was taken to be zero (7=0). The calculated volume ratios [d/d(t = 0)]3 agreed fairly well with observed ones. Figure ll shows the relationship between the diffusivities, Z), and the /-values of gels having various constituents. The diffusivities correlated well with the /-values, as D=exp (a/+/?). The values ofa and /? are 0.486 and -13.9, respectively, under the present conditions. A series of the procedures described above is very useful for analysis of the properties of other gels.
Conclusion
Poly(acrylamide-c<9-acrylic acid) gels were synthesized from the monomersacrylamide (Am), acrylic acid (Ac), and A^TV'-methylenebisacrylamide (B). The It was found that the degree of the volume change of the gel can be represented by the /-value, mainly corresponding to the amount of ionized acrylic acid, which is defined in the Flory-Huggins theory. 
